Abstract: This study aims to improve the shaft with hexagon joints to be a type not requiring welding or bolts in the static load test. In order to evaluate the bearing capacity of helical piles, two sites were selected to conduct pile installation for the field test and the pile load test. For the pile load test, the static pile load test and the dynamic pile load test were carried out, and torque was measured during pile installation for the field test to compare and analyze expected bearing capacity and thus assess the feasibility of the method for estimating the bearing capacity. The field pile load test revealed the bearing capacity of the gravity grout pile was the same or greater than 600kN in the static pile load test in accordance with AC 358 Code. The non-grout pile showed the bearing capacity the same or smaller than 600kN, suggesting gravity grouting is required. Moreover, the field pile load test was used to establish the bearing capacity equation considering the torque in pile installation, and a small number of samples were used to establish the equation which can be used as a basic data.
1. Introduction
Background and Objective
The helical pile is a non-displacement pile foundation to implement bearing capacity by attaching at least one helix plate to a hollow shaft to be rotary-penetrated into the ground. The helical pile can be installed with low-noise and low-vibration performance by means of a torque machine for guiding rotary penetration to a target depth. This is a pile that can be installed with a comparatively small machine and in locations with limited installation spaces, for example, commercial buildings or historic sites. The helical pile is better than conventional steel pipe piles in terms of bearing capacity for the material costs because helix plates of a diameter larger than the hollow shaft are attached thereto to allow each helix plate to implement point bearing capacity thereof [1] .
Other countries than Korea have used the helical piles in various construction sites for a long time. However, the advantages of the helical piles are not known well in Korea; there are prior studies on screw anchor piles similar to the shape of helical piles [2] ; and another prior comparison and analysis is known about the bearing capacity of the installed helical piles compared to the equation for estimating bearing capacity [3] .
Most helical piles have a standardized shape, and the bearing capacity depending on the hollow diameter and the helix diameter have been studied. Although most helical piles are installed by means of bolts and on-site welding to implement simple installation, there are issues involved in poor verticality in pile installation, worker's safety related to bolt damages in rotary penetration, on-site labor cost for welders and an increase in the installation period for the additional welding process, 2 of 17 and further quality control for the welded locations. Therefore, it is required to apply a new type of joints to address the aforementioned issues.
Furthermore, because the shape of helical piles is different from that of the conventional piles, using conventional equations is not ideal for high reliability, and it is necessary to examine the bearing capacity of helical piles installed in the Korean ground to use the conventional equations [4] .
Therefore, in this study, a hollow shaft model is rolled with a hexagon joints to improve it as a fit type not requiring welding or bolts. Two sites were selected to apply the pile to the Korean ground and conduct piling for the field test and the load test. During the field pile load test, the result of the static pile load test and the dynamic pile load test was compared with the bearing capacity estimated by measuring the torque in the pile installation process for the field test to examine the feasibility of the method for estimating the bearing capacity.
Prior Studies
The helical piles were invented by the Irish civil engineer Alexander Mitchell in 1836 to reinforce the foundation of houses. The helical piles had been used in the UK since 1853, and the US generally as a foundation of lightweight houses between 1850 and 1890. After the period, the helical piles were used for the purpose similar to anchors until 1985. At present, they are generally used for transmission tower foundations, foundations for small-and medium-sized buildings and roads, and slope stabilization [5] .
The helical piles have been studied, focusing on assessing pull-out performance of anchors to use them as an anchor. [6] studied the behavior of ground around the anchor by rotary penetration (rotary penetration) under extreme loads to establish an equation for calculating pull-out forces of the anchor, and [7] calculated the extreme pull-out forces through the field pull-out test.
[8] announced the best pitch ratio to allow the soil mass between the helixes to behave as one mass through the indoor test. [9] studied the pull-out resistance characteristics of a single-and multihelix anchors installed in sandy soil and clay soil, and announced an empirical equation for calculating the penetration depth of the helical anchor, the screw wing diameter, and the pull-out resistance depending on ground conditions.
[10] studied the effect of the shaping factor determining the helical anchor pull-out forces on the pull-out forces. [11] studied numerical analysis of extreme pull-out resistance of helical anchors installed in clay soil, and examined the relation between the extreme pull-out resistance and the specifications for installing helical piles.
Recently, the helical piles have been studied about the behavior of bearing capacity thereof. [10, 12] evaluated the bearing capacity of helical piles and the behavior characteristics of helix plates in relation to the pitch ratio, and [9] recommended the cylindrical shear method for evaluating the bearing capacity of multi-helical piles.
[5] established an equation for the average diameter relative to the unit weight of helical piles for the critical depth thereof, and [6] said that the scale of lateral earth pressure on the helical piles is related to the initial relative density of the ground, and calculated the lateral earth pressure coefficient.
[13] studied friction occurring in the shaft of helical piles to confirm the adhesive force occurring in the shaft of helical piles in the clean coarse sandy ground, and [14] said that the shaft adhesion force must be limited although it can be used. [15] said that the relation between the rolling resistance and bearing capacity of helical piles depends on the shaft diameter, and [16] evaluated the relation between the rolling resistance and bearing capacity during pile installation by using the Law of Conservation of Energy.
In Korea, [2] studied the characteristics of screw anchor pile pull-out resistance, and conducted indoor test with different geometrical features, for example, different helix plate diameters and pitches. The result shows the pull-out resistance increases as the helix plate increases, but is constant at sizes greater than a specific size.
[17] compared the field load test result with the bearing capacity by the Individual bearing method, Cylindrical shear method, and the Torque correlation method. The comparison shows that the Torque correlation method implements the highest correlation.
[18] said that 1,000.0kN of bearing capacity is ensured where the helical pile is settled in the hard ground (rock), and [19] evaluated field applicability to find out that the result of Individual bearing method is similar to the result of field pile load test.
Examination of prior studies on helical piles shows that geometrical features of helical piles and bearing performances thereof have been studied through indoor test and pile installation for the field test. However, the joints have not been studied much in the prior studies, and the bearing performance by using the Torque correlation method as well. Therefore, in this study, a schematic bearing capacity theory equation is suggested through the static load and dynamic load test with helical piles installed for the field test and the load test for 30 hexagon joints in 2 sites, and torques were measured to examine bearing performance of the helical piles.
Bearing Capacity Theory and Design of Helical Pile
A helical pile is shaped to have helix plates attached to the hollow shaft and with a diameter greater than the hollow shaft, and respective helix plates implement point bearing capacity in addition to skin friction of the shaft to achieve bearing capacity. The exemplary applicable methods for calculating the bearing capacity of helical piles include the Individual bearing method, Cylindrical shear method, and Torque correlation method. Moreover, the Torque correlation method determines the bearing capacity coefficients through the force of rotary penetration into the ground during installation, and is a method for calculating extreme bearing capacity.
The bearing performance of helical piles is classified into point bearing capacity and skin friction. In particular, the point bearing capacity is calculated in the Individual bearing method and Cylindrical shear method, and determined by helix plate pitches. Where the pitches are at least 2 to 3D of the helix plate diameter D, the piles show the bearing performance of the Individual bearing method. However, where they are at most 2 to 3D of the helix plate diameter D, they show the bearing performance of the Cylindrical shear method [5, 20, 21] . Moreover, skin friction can be calculated by means of skin friction between the upper shaft of the helix plates and the ground.
Details of Helical Pile
Figure 1(a) shows a hexagon joint model, and Figure 1 (b) shows the concept of load transfer in which load transfer moves to the inner pile through the outer pile when the top load is applied. Where there is no gravity grout plate (PL), the outer pile goes through the curves of the inner pile to generate plastic displacement. Therefore, the gravity grout PL was made to support the movement and conduct gravity grouting. In this study, the helix plate pitch was determined to be 3D shown in Figure 2 , designed in the Individual bearing method through field ground survey to determine the target load of 600.0kN. Although the target load of 600.0kN is supported by the point bearing capacity and the skin friction, the ratio of point bearing capacity to the bearing capacity of skin friction is different depending on ground conditions. While greater helix plate pitches achieve even deeper rotary penetration, rolling resistance is greater in the ground. Therefore, 75mm (3 inches) suggested by [22] was employed, and the helix plate was installed in the direction perpendicular to the hollow shaft. Table 1 illustrates the specifications and target load of the helix plate of helical piles. 
Pile Installation for Field Test and Result

Planning Pile Installation for Field Test
Pile installation for the field test was conducted in the local road construction sites of Site-1 (NH-1, 2) shown in Figure 3 , and Site-2 (NH-3, 4) shown in Figure 4 for this study. The geological feature of Site-1 and Site-2 is a typical Korean ground configured with sedimentary soil (reclaimed soil), alluvial beds, weathered rock soil, and weathered rock, and the sites were selected as areas for piling for the field test. Fifteen piles were installed in the sites for the field test, respectively, in order to examine the bearing capacity behavior depending on pile types and grout, and water/cement (W/C) in grouting was planned to be 80%, and the compressive, dynamic pile load test was conducted to examine the bearing capacity behavior. Figure 5 shows a pile placement plan for the field pile installation test. Fifteen piles (3☓5) were placed in the test sites, respectively, the pitch between piles was 2m, and static piles were installed in the middle column to use the pull-out piles as a reaction pile in the static load test.
(a) (b) 
Result of Static Pile Load Test
Each country has its own standard for the safety factor applied to evaluating allowable bearing capacity using the static load test, and different standards should be applied depending on pile types and installation methods. The design bearing capacity of the helical pile used in this study was 600.0kN, which was calculated in the Individual bearing method through exhaustive ground inspection. Therefore, the bearing capacity according to different regulations applied to evaluating the allowable bearing capacity was compared with the bearing capacity in conventional methods in consideration of characteristics of the helical pile. Figure 6 shows bearing capacity evaluation according to the helix plate standard using the Davisson`s method. Prior studies in other countries show the bearing capacity values the closest to 600.0kN designed in the Individual bearing method while applying AC 358 Code. Therefore, for the load test in this study, AC 358 Code was applied to evaluate bearing capacity.
The static load test was conducted in the static load test method using pull-out resistance of surrounding piles, the load which is three times the target load was determined as the maximum test load to conduct the Quick Maintained-Load Test in order to determine the fracture load.
The static load test conducted for the Site-1 and Site-2 test piles shows the allowable bearing capacity of the gravity grout piles was 678.6~800kN/pile in Site-1, and 627.3 ~664.7kN/pile in Site-2. In the non-grout piles, the allowable bearing capacity was 553.3kN/pile and 554.2kN/pile in Sites-1 and 2, respectively, suggesting that gravity grout is required in installing helical piles. The gravity grout piles showed 1 inch (25.4mm) which is an allowable settlement standard when the target load of 600.0kN was given, suggesting stability for settlement.
In particular, the pile 1-#8 considered installed in weathered rock experienced a settlement not greater than the allowable settlement (25.4mm) although the given load was twice the target load, suggesting that even greater allowable bearing capacity can be applied where the helical pile are installed in weathered rock. Therefore, it is necessary to further study how to establish a method for installing the helical piles in weathered rocks to achieve even greater target loads. Table 3 illustrates the result of CAPWAP analysis. The Restrike method was used for the respective tested piles, and a drop hammer with a ram weight of 23.0kN was used in the dynamic pile load test to minimize the number of test strikes and thus minimize ground disturbance in the test.
Analysis of Dynamic Pile Load Test Result
The dynamic pile load test for the piles in Site-1 shows the allowable bearing capacity was 625.0~817.9kN/pile for the gravity grout piles, and the allowable bearing capacity was 503.4~619.7kN/pile for the non-grout piles, suggesting gravity grouting is required in installing helical piles.
The dynamic pile load test for the piles in Site-2 shows the allowable bearing capacity was 620.7~674.6kN/pile for the gravity grout piles, and the allowable bearing capacity was 426.8~563.9kN/pile for the non-grout piles, suggesting gravity grouting is required in installing helical piles. 
Suggestion of Equation for Calculating Bearing Capacity
Suggestion of Equation for Calculating Bearing Capacity According to Load Test Result
The helical plate and the pile tip penetrated into the location higher than the weathered soil (N>50) planned for the test installation in this study, and the piles penetrated even into the weathered rock top in the differential weathered layer of Site-1(#1-8). Moreover, the presence of gravity grout should be known to classify the equation for calculating bearing capacity depending on skin friction changes, and it is necessary to use an appropriate calculation equation after examining the stratum configuration in the pile installation site for classifying the end support layer.
Analysis of Skin Friction and Point Bearing Capacity According to Load Test Result
The load transfer test is required to examine the bearing capacity in which skin friction and point bearing capacity is classified to determine an equation for calculating bearing capacity. However, because small-diameter steel pipes of the helical piles are installed through rotary penetration, it is impossible to install the lead line of the strain gauge attached to the steel pipes for the load transfer test, and the load transfer test was thus not conducted in this study. Therefore, with the extreme bearing capacity of the static load test as a true value in this study, it was planned to separate skin friction from point bearing capacity in consideration of the ratio of the cylindrical surface to the point bearing capacity in the dynamic pile load test conducted for the same piles. Therefore, the used data are for 4 pile samples of #7, #8 and #9 in Site-1 and #7 in Site-2. Table 4 illustrates the extreme bearing capacity according to the static load test result, and Table  5 illustrates the ratio of skin friction to point bearing capacity according to the dynamic pile load test result. Table 6 illustrates skin friction and point bearing capacity according to the result illustrated in Tables 4 and 5 . The skin friction according to the dynamic pile load test result is just for the shaft section, and the bearing capacity by the point tip and the helix plate is divided by means of the point bearing capacity. 
. Analysis of Design Standard
In other countries, the calculation equation suggested by [5] is the only equation known for calculating empirical bearing capacity according to the analysis result of load test data for helical pile installation, and Table 7 illustrates the equation. In Korea, the method for calculating point bearing capacity and skin friction depends on the method of installing pile foundations, in accordance with the applied standards of [23, 24] .
The aforementioned design standards classify piles into 1) Driven pile, 2) Precast pile and 3) Cast-in-place concrete pile depending on the method of installation. In particular, conventional pile materials of PHC and steel pipe piles are used to manufacture the driven and precast piles, and used materials are determined in consideration of characteristics of the top load. In particular, the PHC piles are generally used where the top load is generally a vertical load, and steel pipe piles are used where the top load has vertical forces, moment and horizontal forces at the same time.
Therefore, for the conventional piles of PHC and steel pipes, weathered rocks or rock beds are selected as a support layer because it is necessary to select the method of installation and the support layer to maximize the use of allowable strength of the piles in consideration of load characteristics to ensure cost effectiveness. Table 8 illustrates characteristics depending on the installation method and the equations for calculating bearing capacity. Precast pile A boring machine is first used to bore the ground and the pile is inserted and then driven.
Rock bed equivalent to at least weathered rock The equation for calculating bearing capacity of helical piles was established after examining appropriateness of conventional equations by comparing point bearing capacity and skin friction according to the result of the dynamic load test and the static load test with the extreme bearing capacity calculated with the calculation equation by [5] (Ⓐ) and the equations Ⓓ and Ⓔ based on Korean design standards.
Conventional equation Ⓐ: the base rock which is as a support layer is different but it is the same installation method; equations Ⓓ and Ⓔ: the installation method is different, but the method for calculating bearing capacity for the same support layer (base rock) is applied to analysis and comparison to establish an equation for calculating bearing capacity. Table 9 illustrates comparison of the skin friction and point bearing capacity according to the load test with the end and skin friction calculated with the conventional equations. Table 10 illustrates the equations for calculating bearing capacity obtained from this experiment by using the result illustrated in Table 9 . For the skin friction in the bearing capacity equations for the precast pile, 1.0× N was applied in consideration of the load test result, and the piles No. 1-8 supported with the weathered rock in the differential weathered layer are expected to have greater point bearing capacity. In consideration of this, the calculation equation was determined. The analysis of relation between torque (T) and extreme bearing capacity aimed to enhance reliability of T-qu relation by analyzing torque (T) and extreme bearing capacity (qu) of the piles that underwent the static load test .
The following were applied to this study, that is, STK490, selection of steel pile of Ø165.2-7.5t, helix plate specifications of Ø350~450mm and gravity grout. Therefore, the aforementioned materials were used to ensure the target vertical bearing capacity of 600.0kN, and Table 11 and Figure 7 show the measured final torques and extreme bearing capacity. For the analysis of relation between torques (T)-extreme bearing capacity (qu), the piles were divided into non-grout piles and grout piles to determine the bearing capacity coefficient (kt).
The analysis shows that vertical bearing capacity quality control of all piles is implemented and the reliability of vertical bearing capacity can be enhanced for the empirical bearing capacity coefficient kt because the vertical bearing capacity of the piles installed in the sites is known. In addition, the bearing capacity coefficient (kt) obtained from the non-grout piles and the grout piles can be used as illustrated in equations 1 and 2.
qut(kN) = T × kt (1) qat(kN) = qut / Fs (2) in which qut : extreme vertical bearing capacity (kN) by kt; qat : allowable vertical bearing capacity (kN) by kt; T : final torque (kN․m) measured during installation; kt : bearing capacity coefficient(m-1); and Fs : safety factor (=2, based on AC358). Tables 12, 13 and Figure 8 show the result of analysis of relation between torque (T)-extreme bearing capacity (qu) for the non-grout piles and grout piles. The analysis of relation between T-qu for the non-grout piles shows that kt=35.8m -1 is applicable to weathered soil support piles. 
Analysis result
The analysis of relation T-qu for the grout piles shows that kt=554.2m -1 is applicable to weathered rock support piles and kt=42.0m -1 to the weathered soil support piles.
(a) (b) Figure 8 . Result of analysis of relation between torque (T)-extreme bearing capacity ( ): (a) Nongrout pile; (b) Grout pile.
Summary and Conclusion
This study aims to improve the hollow shaft model to be a hexagon joint and a type not requiring welding or bolts in compressive loading. The following conclusion is drawn by analyzing the static load test result through the field test, dynamic pile load test, and comparing the bearing capacity estimated with measured torque to apply the method to Korean ground.
1. The analysis result of the static load test through the field pile load test shows the allowable bearing capacity of the gravity grout piles was 678.6~800kN/pile in Site-1 and 627.3 ~664.7kN/pile in Site-2. The allowable bearing capacity of the non-grout piles was smaller than the target load of 600.0kN/pile in both Sites-1 and 2, suggesting gravity grouting is required to install helical piles. Moreover, the target load of 600.0kN resulted in 1 inch (25.4mm) which is the allowable settlement standard, suggesting stability in settlement.
2. The analysis of the dynamic pile load test through the field pile load test shows that the allowable bearing capacity of the gravity grout piles was 625.0~817.9kN/pile in Site-1 and 620.7~674.6kN/EA in Site-2. The allowable bearing capacity of the non-gravity-grout piles was smaller than 600.0kN/pile in Sites-1 and 2, similar to the static load test result.
3. In the result with the equation for calculating the empirical bearing capacity in consideration of the load test result, the point bearing capacity (kN) of weathered soil support + non-grout and grout piles was qp=100×N×Ap, and the point bearing capacity(kN) of the weathered rock support + grout piles was qp=150×N×Ap. Moreover, the skin friction (kN) of the weathered soil support + nongrout piles was qs=1.0×N×As, and the skin friction (kN) of the weathered soil support and weathered rock support + grout piles was qs=5.0×N×As. The equation for calculating the empirical bearing capacity was established with a small number of samples, and can be used as basic data.
4. With the equation for calculating bearing capacity in consideration of torque (T) during pile installation, the bearing capacity coefficient (kt) of non-grout piles was 35.8m -1 , allowing quality control; the bearing capacity coefficient (kt) of the weathered soil support + grout piles was 42.0m -1 ; and the bearing capacity coefficient (kt) of the weathered rock support piles was 54.2m -1 , allowing quality control. The equation for calculating the bearing capacity in consideration of torque (T) was established with a small number of samples as for the empirical bearing capacity, and can be used as basic data. 
